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1. Introduction 

Earthward high-speed ion flow in the near-Earth cen- 
tral plasma sheet has been studied extensively in re- 
cent years using plasma data from the Active Magne- 
tospheric Particle Tracer Explorer/Ion Release Module 
(AMPTE/IRM) satellite [e.g., Baumjohann et al, 1990; 
Angelopoulos, 1996, and references therein]. The flow 
is bursty with a duration of only a few minutes [An- 
gelopoulos et al, 1992, 1994a]. The positive correlation 
between the AE index and the occurrence of the high- 
speed flow [Baumjohann et al, 1990] and several multi- 
point studies of the flow events [e.g., Lopez et oZ., 1994; 
Sergeev et al, 1995; Angelopoulos et al, 1996] indicate 
that the high-speed flow occurs during magnetospheric 
substorms. In fact, Russell and McPherron [1973] have 
included an inward moving plasma flow deduced from 
the magnetic field compressions observed by radially 
aligned ATS 1 and OGO 5 satellites as a feature of the 
original near-Earth neutral point model of substorms. 

The onset of a substorm expansion phase is accompa- 
nied by the sudden decrease in tail current intensity (tail 
current disruption) [e.g., Fairfield and Ness, 1970] and 
the formation of a pair of downward (on the dawnside) 
and upward (on the duskside) field-aligned currents 
(substorm current wedge) [e.g., Akasofu, 1972; McPher- 
ron et al, 1973]. There is an apparent discrepancy be- 
tween the region of what has been called the "tail cur- 
rent disruption" and the source of the high-speed flow. 
That is, the current disruption determined from in situ 
magnetic field observations by satellites usually starts 
in the near-Earth magnetotail often within 15 RE of the 
Earth [e.g., Ohtani et al, 1988; Jacquey et al, 1991], 
while the high-speed flow is mostly earthward at \X\ < 
20RE, indicating that the source of the flow is tailward 
of this distance [e.g., Baumjohann et al, 1990]. 

Several models of substorm expansion onset that give 
explanations of this discrepancy have been proposed 
[see, e.g., McPherron, 1995]. Lui [1991a] and Ohtani 
et al [1992] explained this discrepancy by tailward ex- 
pansion of the region of current disruption and/or of 
rarefaction waves in which earthward flow is generated 
on the basis of the current disruption model. Baker 
and McPherron [1990] and Baker et al [1993] suggested 
that this discrepancy is caused by the slow reconnection 
process on closed field lines during the substorm growth 
phase on the basis of the near-Earth neutral line model. 

On the other hand, a few authors have focused on the 
braking processes of the earthward high-speed flow in 
the near-Earth tail as the cause of the current disrup- 

tion. The braking processes generate dawnward (east- 
ward) inertia current [Haerendel, 1992], pileup of north- 
ward magnetic flux [Hesse and Birn, 1991], and field- 
aligned current due to flow shear [Sasegawa, 1979]. 
These processes can account for the discrepancy be- 
tween the region of current disruption and the source 
of the flows. Shiokawa et o/. [1997] concluded that the 
braking point of the flow is the boundary between dipo- 
lar and tail-like magnetic field configurations at the in- 
ner edge of the neutral sheet. 

The onset of a substorm expansion phase is also ac- 
companied by a damped magnetic pulsation termed Pi 
2 [e.g., Saito, 1969; Yumoto, 1986]. All Pi 2 models as- 
sume an initial driving force which comes from the tail 
to the inner magnetosphere associated with the current 
wedge formation [e.g., Yeoman and Orr, 1989]. The 
braking of high-speed ion flow in the central plasma 
sheet may give the initial impulse. 

In the present analysis we have investigated the onset 
timing of high-speed ion flow, current wedge, and mul- 
tiple Pi 2 pulsations for an isolated substorm on March 
1, 1985, using a number of data points in space and on 
the ground. Though there have been many case studies 
of substorms using multi-instruments, few studies have 
focused on the onset timing using the earthward high- 
speed flow data in the central plasma sheet. The ob- 
served signatures of these substorm indicators are fairly 
consistent with the idea that the braking point of the 
high-speed flow has a crucial importance in the current 
wedge formation during the initial stage of the substorm 
expansion phase. 

2. Data Sets Used 

Figure 1 shows the AU and AL indices during the 
substorm event on March 1, 1985. We focus our analysis 
mainly on the interval 0220-0320 UT. A small substorm 
takes place around 0240 UT, reaching a maximum AE 
index of 395 nT at 0251 UT. 

Figure 2 shows GSM-.XY and GSM-XZ plane or- 
bit projections at 0240 UT on March 1, 1985 for the 
satellites used in this study. We used 5-s resolution 
data from the magnetic field instrument [Lühr et a/., 
1985] and the three-dimensional (3-D) plasma analyzer 
[Paschmann et a/., 1985] on board the AMPTE/IRM 
satellite at a GSM position (-11.8, -2.6, -2.2) RE. 
Data from two geosynchronous satellites are available, 
with 1 inin resolution energetic particle data measured 
on board the Los Alamos National Laboratory (LANL) 
1982-019 satellite located at (-6.6, 0.3, -0.9) RB and 
magnetic field data at 3-s resolution from the GOES 5 
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Figure 1.  AU and AL indices on March 1, 1985. The data analyses in this paper are mostly 
focused on the interval of 0220-0320 UT which is shown as the shaded area. 
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Figure 2. GSM-XY and GSM-XZ plane projections 
of the satellites available for use in this study at 0240 
UT on March 1, 1985. 

spacecraft located at (-5.1, 4.2, -0.2) RE- Three other 
spacecraft are also near the synchronous orbit. The 
data used are spin-averaged magnetometer data at ~6-s 
resolution [Potemra et al, 1985] from the AMPTE/CCE 
satellite at (-4.8, -3.1, -1.4) RE, magnetic field data 
at 0.25-s resolution measured by the SCATHA space- 
craft at (-0.1, -6.9, -0.3) RE, and magnetic field 
data at 4-s resolution from the University of California, 
Los Angeles (UCLA), fluxgate magnetometer [Russell, 
1978] on board the ISEE 1 satellite at (-3.6, 1.9, -2.8) 
RE.  ISEE 1 is located at latitudes higher than other 

satellites. 
Figure 3 shows the magnetic latitude (MLAT) and 

MLT of the satellite footprints. The field line trac- 
ing from the satellite altitudes to an altitude of 100 
km is performed using the T89 model [Tsyganenko, 
1989] for Kp = 2. All the footprints are between 63° 
and 67°MLAT and distributed from 2100 to 0600 MLT 
through midnight. The footprints of AMPTE/IRM and 
1982-019 are located fairly close to midnight. 

In addition to the satellite data, we used magnetic 
field data measured at 48 ground-based stations. Data 
from 21 stations shown in Figure 3 and data from 
Kakioka (KAK, Japan, not shown in Figure 3) will be 
presented in this paper. Data at 1-s resolution are avail- 
able at Hermanus (HER, South Africa), two Iceland 
stations at Isafjordur (ISA) "and Tjornes (TJR), and at 
Kakioka. Data at 10-s resolution are available at Vic- 
toria (VIC, Canada) and Ottawa (OTT, Canada). It is 
possible to check Pi 2 magnetic pulsations using these 
high-resolution data at midlatitude stations. Data from 
other stations are at 1 min resolution. A dense magne- 
tometer network is available in Greenland, which is very 
close to the footprint of AMPTE/IRM in the midnight 

sector. 
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Figure 3. Magnetic latitude (MLAT) and MLT of the ground-based stations and footprints 
of satellites used in the present study. The field line tracing from the satellite altitudes to an 
altitude of 100 km in the northern hemisphere was done using T89 model [ Tsyganenko, 1989] for 
Kp = 2. The points shown as HER (Hermanus, South Africa) and SNA (Sanae, Antarctica) are 
the magnetic conjugate points in the northern hemisphere. 

3. AMPTE/IRM Observations in the 
Tail 

Figure 4 shows plasma moments and magnetic field 
data from AMPTE/IRM for 0220-0320 UT. AMPTE/ 
IRM is in the near-Earth tail at ~12 RE in the midnight 
sector (0100 MLT). The vertical distance Za, from the 
model neutral sheet by Fairfield [1980] is less than 1 RE- 
During the interval shown, AMPTE/IRM is mostly in 
the inner central plasma sheet as defined by Baumjo- 
hann et al. [1989]. 

For 0220-0237 UT, no flow is seen in any component 
in Figures 4c, 4d, and 4e. Weak duskward flow starts 
around 0237 UT. Then, an intense earthward ion flow 
is observed after 0238 UT with a maximum flow veloc- 
ity of more than 1000 km s_1. The flow turns weakly 
tailward at 0243 UT, and then it turns back and forth 
until ~0256 UT. 

The magnetic field intensity in Figure 4i increases 
continuously before the flow onset, between 0231-0237 
UT. The increase stops at 0237 UT when the duskward 
flow starts. During the high-speed flow, for 0239-0247 
UT, the field intensity strongly fluctuates. The am- 
plitude of the fluctuation is almost comparable to the 
average intensity. 

To see temporal change of the particle spectra, we 
show energy- and angle-time spectrograms obtained by 

AMPTE/IRM for 0210-0310 UT in Plate 1 with the el- 
evation and azimuth angles of the magnetic field vector. 
The 3-D distribution functions of ions in this event were 
shown by Nakamura et al. [1991] and further discussed 
by Speiser and Martin [1996]. 

Before the onset of the high-speed flow the ion and 
electron energy gradually decreases for 0210-0238 UT 
as shown in Plate 1 (top and fourth spectrograms), re- 
spectively. This corresponds to the decrease of ion tem- 
perature shown in Figure 4a. The elevation angle of 
the magnetic field continuously decreases toward the 
tail-like field as shown in the bottom panel of Plate 1. 

Then, the ion energy suddenly increases to more than 
10 keV at 0239 UT, and high-speed earthward flow is 
observed at small elevation and azimuth angles (Plate 
1, second and third spectrograms). The electrons are 
almost isotropic during the high-speed flow. Note that 
the elevation angle of the magnetic field remains small 
(tail-like) during the high-speed flow until 0242 UT but 
becomes dipolar when the flow turns tailward at 0243 
UT. 

Intense counterstreaming electrons parallel and an- 
tiparallel to the magnetic field line are observed from 
0247 UT, when the magnetic field becomes dipolar and 
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Figure 4. Plasma moments and magnetic field data in GSM coordinates measured on board 
the AMPTE/IRM satellite at 5-s resolution. VX,VS, and V2 correspond to the ion bulk velocities 
in X, Y, and Z directions, respectively. Satellite locations in units of Earth radii are shown at 
the bottom of these panels in GSM-XF coordinates, while Zns is the vertical distance from the 
model neutral sheet by Fairfield [1980]. The vertical dashed line at 0237 UT indicates the onset 
time of ion flow. 
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Plate 1. Prom top to bottom: energy-time spectra of omni-directional ions, elevation-time 
spectra, and azimuth-time spectra of ions in GSM coordinates for energies of 4.09-31.05 keV, 
energy-time spectra of omni-directional electrons, pitch angle-time spectra of electrons for energies 
of 0.4-8.45 keV, magnetic field intensity, and elevation (thick line) and azimuth (thin line) of the 
magnetic field in GSM coordinates measured on board the AMPTE/IRM satellite for 0210-0310 
UT. The particle spectra are at 39-s resolution, while the magnetic field data are at 5-s resolution. 



the high-speed ion flow stops. Note that the counter- 
streaming electrons do not coincide with the high-speed 
ion flow even after this time. For example, when the ion 
flow burst appears at 0251 UT, the counterstreaming 
electrons disappear. 

4. Ground-Based Signatures of 
Substorm Currents 

Figure 5 shows magnetic field variations at auroral 
zone stations during this event. A clear onset of west- 
ward electrojet current (sudden decrease in H com- 
ponent) is first observed at Narsarsuaq (NAQ, Green- 
land) at 0241 UT in the midnight sector (0.6 MLT). 
The decrease of E at NAQ between 0241 and 0242 UT 

amounted to 30 nT. Note that NAQ is close to the foot- 
print of AMPTE/IRM as shown in Figure 3. The on- 
set of the H and D variations at FHB (Frederikshab), 
which is 1.7° poleward and 0.3 hours westward of NAQ, 
is clearly ~5 min later than those at NAQ, indicating 
that the onset region of the westward electrojet is quite 
localized. 

Figure 6 shows magnetic field variations at stations 
in midlatitudes and subauroral latitudes. A clear onset 
of a positive H bay is observed at St. John's (STJ) at 
0241 UT in the midnight sector (23.7 MLT). At this 
time, the H component starts to decrease at stations 
in the premidnight sector (e.g., at OTT, Gillam (GLL), 
and Boulder (BOU)), while no clear H variations are 
seen at stations in the postmidnight sector. The time 
0241 UT corresponds to the onset time of H decrease 
at NAQ in Figure 5. 

la\       High-Latitude Magnetograms (H Component) 
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(b)      High-Latitude Magnetograms (D Component) 
March 1, 1985                                                 lOOnT/division 
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Figure 5. (a) H (positive, northward) and (b)D (positive, eastward) component magnetic field 
traces from high-latitude stations at 10-s resolution at Isafjordur (ISA) and Tjornes (TJR) and 
at 1 min resolution at other stations. From top to bottom, stations are distributed from evening 
to morning sectors through midnight. MLAT and MLT of each station at 0240 UT are shown 
in the left side of these panels. The vertical dashed line at 0241 UT indicates the onset tune 
of westward electrojet currents which is identified from the negative H decrease at Narsarsuaq 
(NAQ, Greenland) in the midnight sector. 
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Figure 6. (a) H (positive, northward) and (b) D (positive, eastward) component magnetic field 
traces from midlatitude stations at 10-s resolution at Ottawa (OTT) and Victoria (VIC) and at 
1 min resolution at other stations in the same format as that in Figure 5. From top to bottom, 
stations are distributed from evening to morning sectors through midnight. The vertical dashed 
line at 0241 UT indicates the onset time of positive H bay at St. John's (STJ) in the midnight 
sector. The time also corresponds to the onset of D enhancement at OTT in the premidnight 
sector. 

The time 0241 UT also corresponds to the onset time 
of positive D enhancement at STJ in the midnight sec- 
tor and at OTT in the premidnight sector (21.6 MLT). 
This D enhancement suggests that the center of the cur- 
rent wedge is located eastward of STJ. Such D enhance- 
ment is small at San Juan (SJG), probably because SJG 
is located at a lower latitude than the others. 

NAQ is the southmost station in Greenland as shown 
in Figure 3. To check the possibility that the first on- 
set of westward electrojet current occurs equatorward 
of NAQ, we plotted Z component magnetic field varia- 
tions at NAQ and Sanae (SNA, Antarctica) in Figure 7. 
Before the H decrease at NAQ (0241 UT), the Z com- 
ponents start to increase (downward) at NAQ. This 
Z variation clearly indicates that westward electrojet 
current is formed equatorward of NAQ at 0237 UT. 

The only low-latitude signatures which correspond to 
the onset of the Z increase at 0237 UT at NAQ (Figure 
7) are the eastward enhancement of D (Figure 6) and 
the downward enhancement of Z (Figure 7) at SNA at 
0237 UT. The Z variation is probably caused by the 
field-aligned currents of the current wedge, while the D 
variation may suggest that the current wedge is formed 
westward of SNA (0.6MLT) at this time. It should be 
noted, however, that the magnetic field variations at 
SNA may be affected by westward electrojet current 
rather than the field-aligned current since a clear posi- 
tive H bay is not seen around 0237 UT at SNA as shown 

in Figure 6. 
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Figure 7. H and Z component magnetic field traces 
from NAQ and Sanae (SNA) at 1 min resolution. 
MLAT and MLT of each station at 0240 UT are shown. 
The vertical dashed line at 0237 UT indicates the onset 
time of westward electrojet current which is identified 
from the Z variations. 

5. Ground-Based Signatures of Pi 2 
Pulsations 

In the 10-s-sampled D component data at OTT in 
Figure 6, several wave packets of Pi 2 magnetic pulsa- 
tion are seen around the onset of the substorm. To see 
these Pi 2 features more clearly, we present in Figure 
8 filtered magnetograms from stations where high time 
resolution data are available. 

The Pi 2 pulsations are observed at both HER and 
OTT at 3.1 and 21.6 MLT, respectively, while they are 
not clear at KAK (11.7 MLT) and VIC (17.3 MLT). 
Four wave packets of Pi 2 pulsations can be identified in 
the data at OTT with onset times at 0237, 0241, 0245, 
and 0250 UT. The second Pi 2 at 0241 UT is accompa- 
nied by the onset of H decrease at NAQ, positive H bay 
at STJ, and positive D enhancement at OTT. The first 
Pi 2 onset at 0237 UT is accompanied by the onset of Z 
increase at NAQ. Note that the onset time of the first 
Pi 2 pulsation is slightly earlier at HER (at 0236:30 UT 
in the D component) than at OTT (at 0237:00 UT). 

Polarization patterns of Pi 2 pulsations indicate the 
locations of Pi 2 current system [Lester et al, 1983, 
1984]. We plot the hodogram of the four Pi 2 wave 
packets in Figure 9. The directions of the major axes 
of the Pi 2 polarization at OTT are always eastward 
for all the Pi 2 wave packets. The second, the third, 
and the fourth hodogram at OTT are closer to circular 
polarization than the first one. The directions at HER, 
converted to the northern hemisphere, are eastward for 
the first Pi 2, while they are westward for the other three 
Pi 2 wave packets. For the simple model of substorm 
current wedge [see Lester et al., 1984, Figure 1], the 
center of the Pi 2 current system is probably between 
OTT (21.6 MLT at 0240 UT) and HER (3.1 MLT) for 

Filtered Magnetograms (H and D Components) 
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Figure 8. H and D component magnetic field fluc- 
tuations observed at midlatitude stations at Kakioka 
(KAK), HER, OTT, and VIC. MLAT and MLT of each 
station at 0240 UT are shown in the left side of these 
panels. Data at KAK and HER are at 1-s resolution, 
while those at OTT and VIC are at 10-s resolution. A 
band-pass filter with a period range of 40-160 s is used. 
The vertical dashed fine at 0236:30 UT indicates the on- 
set time of the first Pi 2 pulsation in the D component 
at HER. 
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Figure 9. Hodograms of the four successive Pi 2 pulsa- 
tions observed at OTT in the premidnight sector (2100 
MLT) and at HER in the postmidnight sector (0300 
MLT) The D component fluctuations at HER are plot- 
ted in opposite direction (positive, left side) to show the 
polarization azimuths expected in the northern hemi- 
sphere. A band-pass filter with a period range of 40-160 
s is used. 

all four Pi 2 pulsations. The center for the first Pi 2 is 
likely to be westward from the center of the second to 
fourth Pi 2. 

6. Magnetic Observations Around the 
Geosynchronous Orbit 

In this section we show magnetic field data from 
four satellites (AMPTE/CCE, GOES 5, and ISEE 1), 
which are located near geosynchronous orbit during 

the substorm event discussed in this paper. Figure 
10 shows magnetic field data measured on board the 
AMPTE/CCE satellite in the postmidnight sector (2.1 
MLT at 0240 UT). The total magnetic field intensity 
decreases continuously in this plot since AMPTE/CCE 
is leaving the Earth. It is difficult to define a clear sub- 
storm onset from this data. However, there are three 
clear pulses in the northward and total components of 
the magnetic field data with peaks at 0242, 0246, and 

AMPTE/CCE 
(a) o 14 March 1. 1985  < {filter nass band:^O-tOs) 

Figure 10. Magnetic field data measured on the 
AMPTE/CCE satellite in the D, F, and A coordinates, 
where the Z axis is along the field line of the dipole field 
derived from a simple Earth-centered dipole moment, 
Y is magnetically eastward, and X is radially outward. 



The value dZ is the perturbation relative to the model 
field strength. Because the satellite was very close to 
the magnetic equator, the D, F, and A coordinates and 
the more familiar V, D, and H coordinates are almost 
equivalent. Total magnetic field intensity in Figure 10c 
(thick line) continuously decreases because the satel- 
lite is leaving the Earth. UT and satellite locations are 
shown at the bottom of the panels, where RE, MLAT, 
MLT, and DLAT are distance from the Earth center in 
unit of Earth radii, magnetic latitude, magnetic local 
time, and dipolar geomagnetic latitude of the satellite, 
respectively. A band-pass filter with a period range of 
40-160 s is used to show the magnetic field variations 
in Figure 10b, while that with a period range of 10-40 
s is used to show the magnetic field variations in Fig- 
ure 10a. The three vertical lines in Figure 10b indicate 
the peaks of the compressional pulses seen in the total 
component. 

GOES 5 March 1, 1985 

0250 UT as shown by the dashed lines in Figure 10b. 
The three pulses also correspond to decreases of the 
outward component, indicating that the pulses turn the 
field into a more dipolar configuration. It is noted, how- 
ever, that they are mainly compressional pulses seen in 
the total component. 

As shown in Figure 10a, weak magnetic field oscil- 
lation with periods of 10-40 s is observed after 0238 
UT mainly in the Y (east-west) component. Though 
AMPTE/CCE is quite close to the magnetic equa- 
tor, this oscillation may be categorized as transient 
toroidal waves which have been discussed by Takahashi 
et al. [1996]. 

Figure 11 shows magnetic field data measured on 
board the GOES 5 satellite in the premidnight sector 
(21.3 MLT at 0240 UT). The northward and total com- 
ponents decrease from around 0242 to 0252 UT and 
then increase after 0252 UT. The eastward component 
increases from 0236 to 0252 UT and then decreases un- 
til about 0310 UT. These variations of magnetic fields 
are consistent with the typical magnetic field changes 
seen in the evening sector during substorms [e.g., Nagai, 
1991]. However, it is difficult to define a substorm onset 
time from this data. Intense magnetic field oscillations 
with a period of ~2 min are seen in all components with 
an onset time at about 0242 UT. The period is slightly 
longer than that of the Pi 2 pulsations simultaneously 
observed at ground-based stations. 

The ISEE 1 satellite is also located in the premid- 
night sector (22.3 MLT at 0240 UT) but off the equato- 
rial plane, at dipolar latitudes of ~20°. The magnetic 
field data on board the ISEE 1 satellite are shown in 

UT     0220 
RE     6.63 

MLAT 65.6 
MLT   20.95 

DLAT   11.0 

Figure 11. Magnetic field data measured on the GOES 
5 satellite in the V", D, and H coordinates, where H is 
along the dipole axis (northward, positive), D is az- 
imuthally eastward, and V is radially outward. Univer- 
sal time (UT) and satellite locations are shown at the 
bottom in the same format as that in Figure 10. 

Figure 12. Magnetic field oscillations with a period of 
~2 min are seen in the GSE-X and GSE-1" components 
and weakly in the total component. The oscillations are 
mainly in the component perpendicular to the ambient 
magnetic field. Probably, they are again categorized as 
transient toroidal waves. The onset time of the oscilla- 
tions is ~0237 UT. 

The SCATHA satellite was in the morning sector (5.9 
MLT at 0240 UT) during the event (data are not shown 
in this paper). No significant DC magnetic field change 
was observed by SCATHA, while magnetic pulsations 
could not be identified because of the intense artificial 
spin modulations in the data. 

7. Summary and Discussion 

For the substorm event discussed in this paper the 
onset of high-speed earthward ion flow is observed by 
AMPTE/IRM (section 3). The formation of the sub- 
storm current system can be also identified from the 
dense network of ground-based magnetometers (section 
4). Four Pi 2 wave packets are identified from ground- 

10 



ISEE 1 March 1, 1985 

T
ot

al
 B

 (
nT

) 

ä 
ss 

g 
is 

§ 

0237UT 

 i/\/*v 

'  ■  1  ■  • 

V^IAA/^ 

1 

AA/ \r—■ 

in 
-J.UU   ■ 

P   1.50 • 
■ ■ ■ 1 I ■ ■ 

i 
i 

1 ■ ' i ■ O 

. 
w o.OO • 
N 

eo-1.50 • i 
i                       « 

•a 
c 

-3.00 • 

P   1.50 • 

■S 0.00 • 

"-1.50 ■ 

1     A AII 11 /l 1 \ l\ II11 [\ 
1    "M/Illlllll llullw 
i        V II u \l 11  II      II i              v       Hill   II        v 

.O 
14 
VI a 
a. 

u 

-3.00 ■ 

P   1.50 • 
&  0.00 ■ 

°-l.50 • 

1                                         A      li      A                      A 
'AA   A A A 11 IV\ A MA A 

1                V "   \j W    "         V 
1                                           V 

-3.00 ■ 
UT      02 
RE      4. 

MLAT   62 
MLT    22 

DLAT   -1 

\ • ■ 

30 
sr 
.9   * 
.07   ' 
9.1 

0236 
4.80 
63.5 
22.24 

■>    -19.5 \ 
\ 

, ,,, , 
0242 
4.98 
64.0 
22.39 
• 19.8 

...... 
0248 
5.17 
64.5 
22.54 
-20.0 

• 

0254      , '03 
5.35    '     5. 
64.9,'        65 
22:67          22 

, <20.2           -2 

30 
53 
.3 
.80 
D.4 

400- 

%   350- 
»   300- 

S   250- 

■■^. , | ..... | ..... | .,  ■■■  | 

200- 

IT 
,,,,,,. ...... 1 1 ' 

. «   -50- 

-100 ■ 

p   200- 

f   l50' 
03     100- 

50- 

P -200 • 

~ -250 ■ 
m -300 - 

—          ■                                                i 

UT       02 
RE       4. 

MLAT   61 
MLT     21 

DLAT    -1 

20 
!9 
.8 
.77 
8.3 

0232 
4.67 
63.1 
22.13 
-19.2 

. ! . , . 
0244 
5.04 
64.2 
22.44 
-19.9 

.  .  1  .  .  . 
0256 
5.41 
65.1 
22.72 
-20.3 

1 
0308 
5.76 
65.8 
22.96 
-20.5 

03 
6. 
66 
23 
-2 

20 
3 

.5 

.19 
D.6 

Figure 12. Magnetic field data measured on the ISEE 
1 satellite in the GSE coordinates. UT and satellite 
locations are shown at the bottom of these panels in 
the same format as that in Figure 10. A band-pass 
filter with a period range of 40-160 s is used to show 
the magnetic field variations in Figure 12a. The vertical 
dashed line at 0237 UT in Figure 12a indicates the onset 
time of the magnetic pulsations in the total component. 

based observations (section 5). Compressions and os- 
cillations of magnetic field are observed by satellites 
around geosynchronous orbit (section 6). 

In Figure 13 we compare the observed onset time of 
high-speed ion flow and the formation of the substorm 
current system. The high-energy particle data obtained 
by the geosynchronous satellite 1982-019 in the mid- 
night sector (23.9 MLT at 0240 UT) are also shown at 
the bottom. The onset of ion flow is around 0237 UT 
in the Vy component at AMPTE/IRM. This time is 
nearly equal to the onset time of the first Pi 2 pulsation 
at HER at 0236:30 UT shown by the leftmost vertical 
dashed line. The onsets of negative H bay at NAQ, 
positive H bay at STJ, and positive D enhancement at 
OTT are all at 0241 UT (second vertical dashed line), 
while the onset of Z increase at NAQ is around 0237 
UT. The onset of the particle injection, which is seen 
only in the electron data of 1982-019, is at 0244 UT 
(third vertical dashed line). 

In Figure 14 we compare the onset time of high- 
speed ion flow, substorm current system, Pi 2 pulsa- 
tions, and oscillations and compressional pulses in the 
inner magnetosphere. The first Pi 2 pulsation is ob- 
served at HER (3.1 MLT) at 0236:30 UT (the leftmost 
vertical dashed line) and slightly later at OTT (21.6 
MLT). Magnetic oscillations start at ISEE 1 around this 
time. Then, three compressional pulses are observed by 
AMPTE/CCE at 2.1MLT, as shown by the three verti- 
cal dashed lines. These compressional pulses are clearly 
accompanied by the second, third, and fourth Pi 2 wave 
packets observed at OTT. They are also accompanied 
by the three decreases of S at NAQ. It is interesting to 
note that the first and the second compressional pulses 
at AMPTE/CCE occur just after the first and second 
high-speed flow bursts (0238-0242 UT and 0245-0246 
UT) at AMPTE/IRM, respectively.        . 

There are four Pi 2 wave packets during this sub- 
storm event. The first Pi 2 at 0237 UT is accompanied 
by the onset of Z increase at NAQ (0.6MLT). Other 
signatures of the substorm current wedge are not seen 
in the midlatitude ground stations at this time. The 
characteristics of the first Pi 2 in the hodogram of Fig- 
ure 9 are clearly different from those of the other three 
Pi 2. Probably the first Pi 2 onset is a "pseudo onset" 
which does not cause any distinct substorm signatures 
on the global scale. 
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Figure 13. Comparison of the onset timings of high- 
speed ion flow in the near-Earth tail, ground signatures 
of westward electrojet and substorm current wedge, and 
particle injections at geosynchronous orbit, in the mid- 
night sector. Three vertical dashed lines from left to 
right indicate the onset time of the first Pi 2 pulsation 
observed at HER at 0236:30 UT, that of westward elec- 
trojet and current wedge observed by ground stations, 
and that of particle injection observed by the 1982-019 
satellite at 6.6 RE, respectively. Figure 13e shows iner- 
tia current intensity estimated from the AMPTE/IRM 
measurement of the flow (see text for detail). The 
measurements by AMPTE/IRM are at 5-s resolution. 
The magnetic field data at OTT are at 10-s resolu- 
tion. Other measurements of ground magnetic field and 
particle injection are at 1 min resolution. The MLT 
of ground stations and satellite footprints are those at 
0240 UT. 

0230 0236 0242 0248 
Universal Time 

0254 0300 

Figure 14. Comparison of the high-speed ion flow in 
the near-Earth tail, westward electrojet in the auroral 
zone, and Pi 2 magnetic pulsations and compressional 
pulses observed at ground stations and satellites in the 
inner magnetosphere. The leftmost vertical dashed line 
indicates the onset time of the first Pi 2 pulsation ob- 
served at HER, while the other three vertical lines in- 
dicate the peaks of the compressional pulses observed 
by AMPTE/CCE. Figures 14c and 14d show inertia 
current intensity and earthward kinetic pressure esti- 
mated from the AMPTE/IRM measurement of the flow. 
The MLT of ground stations and satellite footprints are 
those at 0240 UT. 

12 



On the other hand, the second Pi 2 at 0241 UT is 
accompanied by the clear onsets of negative H bay at 
NAQ, positive H bay at STJ (23.7MLT), and positive 
D enhancement at OTT (21.6MLT). It is quite con- 
ceivable that the second Pi 2 onset is the onset of the 
substorm current wedge on the global scale. Then, it is 
very interesting to note that the start of the high-speed 
flow at AMPTE/IRM is before the global onset of the 
substorm current wedge at 0241 UT. 

There have been many multi-instrument studies of 
substorms which suggest the formation of the near- 
Earth neutral line [e.g., McPherron and Manka, 1985; 
Lopez et al, 1990; Kettmann et al, 1990; Angelopou- 
los et al, 1996], while only a few papers have focused 
on the timing differences between the high-speed flow 
onset and the current wedge onset. Angelopoulos et 
al. [1994b] and Sergeev et al. [1995] have pointed out a 
delay of ground-based substorm signatures from a tail- 
ward flow onset, which is similar to the delay reported 
in this paper, on the basis of observations of a sub- 
storm event on April 15, 1979, by the ISEE 1 and 2 
satellites (at about 16 RE downtail). They explained 
that this timing difference is caused by the slow recon- 
nection process on closed field lines during the substorm 
growth phase, on the basis of the conjectures by Baker 
and McPherron [1990] and Baker et al. [1993]. Here we 
propose an alternative model of the substorm expansion 
onset on the basis of previous work in which the brak- 
ing of the earthward high-speed flow is considered to be 
the cause of the current wedge [Hasegawa, 1979; Hesse 
and Birn, 1991; Haerendel, 1992; Shiokawa et al, 1997]. 
The model is also able to account for various observed 
substorm signatures in Figures 13 and 14. A schematic 
picture is shown in Figure 15 which will be described in 
the following subsections. 

7.1. Relation of High-Speed Flow, Current 
Wedge, and Particle Injection 

The X type reconnection in the near-Earth neutral 
line produces earthward ion flow earthward of the neu- 
tral line. The flow travels in the neutral sheet and is 
suddenly braked at the boundary between the dipolar 
and tail-like magnetic field because of the tailward pres- 
sure force, as suggested by Shiokawa et al. [1997]. The 
transition from a tail-like to a dipolar field configuration 
is formed by a dawnward inertia current at the bound- 
ary, which is caused by the deceleration of earthward 
high-speed ion flow [Haerendel, 1992]. The boundary 
moves tailward because of the pileup of the northward 
magnetic fluxes carried by the flow.  In Figure 13 the 

earthward high-speed flow from 0238 UT stops suddenly 
when the field becomes dipolar at 0242:30 UT. Also, 
after this time the earthward flow bursts are observed 
only when the field becomes tail-like (0245 and 0251 
UT). These facts support the idea that AMPTE/IRM 
enters a region inside of the braking point when the 
field becomes dipolar. Sergeev and Kubyshkina [1996] 
also suggested, on the basis of particle data obtained 
by ionospheric satellites at a substorm onset, that the 
transition from tail-like to dipolar field configurations 
occurs within a distance of 0.5 RE- 

The dawnward inertia current can be the cause of 
what is commonly named the tail current disruption, 
as suggested and quantitatively checked by Haerendel 
[1992]. Consequently, it separates the region of current 
disruption, i.e., generation of eastward current, from 
the reconnection or earthward flow acceleration region. 
The inconsistency between the location of current dis- 
ruption (inside 15 RE, e.g., Ohtani et al. [1988]) and 
the location of the source of the flow (outside 20 RE , 
e.g., Baumjohann et al. [1990]) can be explained by this 
model. 

There is an important difference between our model 
and that of current disruption. The latter suggests a 
diversion of the cross-tail current because of enhanced 
resistivity [Lui et al, 1988] or some equivalent obstacle 
to the current flow. Our model is entirely related to the 
plasma dynamics. 

At the braking point of the flow, two sources of the 
field-aligned current can be considered: (1) divergence 
of the dawnward inertia current [Haerendel, 1992] and 
(2) shear of the flow velocity at dawnside and duskside 
edges of the flow region [Hasegawa, 1979]. Note that 
the dawnward current due to the pileup of the north- 
ward magnetic flux cannot exceed the dawnward inertia 
current and should be handled as the same current per- 
pendicular to the magnetic field in the MHD equations. 
Hesse and Birn [1991] noted from their 3-D MHD sim- 
ulation that the current due to flow shear is more im- 
portant than the current due to the flux pileup. 

Shiokawa et al. [1997] have shown from a statistical 
study of high-speed flows observed by the AMPTE/IRM 
satellite that the average value of the inertia current and 
the current due to the flux pileup is ~105 A. In Fig- 
ure 13e we show the inertia current estimated from the 
observed flow velocities and densities with the same as- 
sumption as that made by Shiokawa et al. [1997], while 
the vertical scale of the flow region is assumed to be 1 
RE. The estimated inertia current is again the order of 
105 A. Sergeev et al. [1996] and Cramoysan et al. [1995] 
have shown using ground-based magnetic field data for 
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3. flow braking at the boundary between 
dipolar and tail-like field (10-20RE) 

4. field-aligned current of 
the substorm current wedge 

5. initial brightening 
of aurora 

-3. pileup of magnetic field 

5. Pi 2 pulsation 

2. high-speed ion flow 
in the neutral sheet 
(10-20 RE) 

3. dawnward inertia current 

4. compressional pulse 

1.X type 
reconnection 
(20-30 RE) 

5. particle injection at 6.6 RE 

Figure 15. Proposed model of the current wedge formation during the initial stage of the sub- 
storm expansion phase. The number preceding each comment indicates the order of occurrence 
The braking point of the earthward flow moves tailward because of the pileup of magnetic held 
carried by the flow. This motion probably corresponds to the poleward expansion of aurora. The 
transition from tail-like field to dipolar field at the braking point is due to the dawnward inertia 
current [Shiokawa et al., 1997]. The substorm current wedge is formed at the braking point by 
the inertia current and the current due to flow shear. The fluctuation of field-aligned currents and 
the compressional pulses generated at the braking point can be the cause of the Pi 2 pulsation 
in the inner magnetosphere. 

several substorm events that the total wedge current is 
typically 105 - 106 A. 

The field-aligned currents generated at the braking 
point of the flow are downward in the dawnside and up- 
ward in the duskside. The currents correspond to the 
substorm current wedge observed at ground-based sta- 
tions. The initial brightening of aurora will occur at the 
ionospheric footprint of the upward field-aligned current 
region. This is consistent with previous observational 
facts that the typical locations of the initial brightening 
of aurora are mapped to the near-Earth tail at \X\ < 15 
RE [e.g., Murphree et al, 1991]. The tailward motion 
of the braking point due to the pileup of the magnetic 
flux probably corresponds to the poleward expansion of 

aurora. 
Angelopoulos et al. [1996] have concluded that the 

earthward energy transport by a flow event with a cross- 
sectional area of -15 R% in the Y-Z direction can ac- 
count for the expected power consumption during a sub- 
storm event on April 11, 1985. We have made similar 

analysis of the substorm energy budget for the present 
event with the same assumptions and equations as those 
used by Angelopoulos et al. [1996]. Assuming a cross- 
sectional area of ~4 RE in the Y-Z direction, the earth- 
ward energy transport rate by the flow is consistent with 
the power consumption rate of the substorm (estimated 
from the AE and Dst indices) for 0240-0243 UT. 

There is, however, an apparent inconsistency between 
the duration of the flow and of the substorm current 
system shown in Figure 13. The observed flow is bursty 
with a duration of only a few minutes, while the H 
bay at STJ and the D enhancement at OTT continue 
until 0255 UT. The westward electrojet current at NAQ 
reaches its maximum around this time. Probably, there 
is another source of the substorm current system during 
most of the expansion phase and the recovery phase. 

Lopez et al. [1994] have pointed out that there are 
magnetic activities during which no high-speed flow is 
observed in the neutral sheet. Kamide and Kokubun 
[1996] have suggested two components of the auroral 
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electrojet currents due to directly driven and unloading 
processes in the solar wind-magnetosphere interactions. 
The event described by Lopez et al [1994] may corre- 
spond to the magnetic activities caused by steady con- 
vection during the directly driven process. From these 
considerations we would like to limit the application of 
the model in Figure 15 to only the initial stage of the 
substorm expansion phase by the unloading process. 

The observed difference of ~6 min between flow onset 
and the onset of high-energy particle injection shown in 
Figure 13 indicates that there is braking of the flow 
between 12 RE and 6.6 RB because the plasma in a 
high-speed flow event with a velocity of 400 km s"1 

can travel ~4 RE per min. At the braking point of 
the flow, which is the boundary between dipolar and 
tail-like field regions, particles start drift motions in 
the dipolar background field. That means the brak- 
ing point of the flow should correspond to the so-called 
"injection boundary," which is defined from high-energy 
particle observations at the geosynchronous orbit [McH- 
wain, 1974]. 

The ExB drift velocity vd is given by |vd| = E/B 
where E is the intensity of duskward electric field. For 
E = 1 mV m-1 and B = 10 nT the earthward drift 
velocity |vd| is 100 km s"1 (~1 RE min-1). This value 
is roughly consistent with the time delay of particle in- 
jection from the flow onset observed in this paper. 

It must be cautioned, however, from statistical stud- 
ies, that the location of the injection boundary is usually 
well inside 10 RB in the midnight sector [e.g., McRwain, 
1974], while the braking point of the high-speed flow is 
probably at a tailward distance of 10-20 RE in nor- 
mal cases of high-speed flow since the occurrence rate 
of the flow drops in this distance range [Baumjohann et 
al, 1990]. This mismatch should be explained in the 
future. 

Magnetic field direction and intensity fluctuate 
strongly during the high-speed flow for 0239-0247 UT 
as shown in Figure 13a and 13b. The field sometimes 
becomes southward. These features are quite similar 
to those observed by the AMPTE/CCE satellite at 8- 
9 RE [e.g., Takahashi et al., 1987; Lui et al, 1988]. 
On the basis of these observations, Lui [1991a, 1991b] 
proposed the current disruption model to explain the 
substorm expansion onset. 

However, the magnetic fluctuations in Figure 13 may 
be caused by plasma instabilities associated with the 
high-speed flow and its braking. Bauer et al [1995a] 

'" have shown statistically, using AMPTE/IRM observa- 
tions, that high-speed flows are accompanied by intense 
fluctuations of magnetic field intensity. Any southward 

directed field can be caused by turbulence in the neutral 
sheet since the braking point of the flow corresponds to 
the inner edge of the neutral sheet. 

7.2. Relation Between High-Speed Ion Flow and 
Pi 2 Pulsations 

It is interesting to note that three compressions] 
pulses are observed by AMPTE/CCE at 2.1MLT, as 
shown by the vertical dashed lines in Figure 14. These 
congressional pulses are clearly accompanied by the 
second, third, and fourth Pi 2 wave packets observed 
at HER and OTT. They are also accompanied by the 
decreases of H at NAQ, which indicate intensification 
of the westward electrojet current. 

The first and the second compressional pulses at 
AMPTE/CCE occur just after the first and second 
high-speed flow bursts (0238-0242 UT and 0245-0246 
UT) at AMPTE/IRM, respectively. The enhancement 
of earthward kinetic pressure due to the flow burst can 
cause compression of the inner magnetosphere at the 
braking point of the flow, as shown in Figure 15. The 
kinetic pressure is shown in Figure 14d. It is quite 
likely that the first and second compressional pulses ob- 
served at AMPTE/CCE are caused by the flow bursts 
observed at AMPTE/IRM. Note that this implies that 
the burstiness of the flow is caused by a temporal effect 
rather than a satellite motion in the spatial structure 
of flow layers. 

It must be noted, however, that for a typical fast- 
mode Alfven velocity of 1000 km s"1 (10 RE min-1) as 
the travel speed of the compressional pulses in the mag- 
netosphere, the delay time between the pulse observed 
at 6 RE (AMPTE/CCE) and the flow burst at 12 RE 

(AMPTE/IRM) should be only ~0.6 min. The first 
peak of the compressional pulse is delayed ~2 min from 
the first flow maximum. Angelopoulos et al [1992] have 
suggested that the region of high-speed flow is quite lo- 
calized in Y and Z. Thus the observed long delay of 
the first pulse may be due to the local time difference 
between AMPTE/IRM (0.8 MLT) and AMPTE/CCE 
(2.1 MLT). The third compressional pulse is observed 
just before the third flow burst at 0251 UT. This dis- 
crepancy may be also attributed to the same local time 
effect. 

As discussed in the previous section, the high-speed 
flow produces field-aligned currents at its braking point. 
The estimated inertia current in Figure 14 shows large 
fluctuations with a time period of >1 min, suggesting 
the fluctuation of the induced field-aligned current. The 
kinetic pressure enhancement caused by the flow pro- 
duces a compression of the inner magnetosphere as dis- 
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cussed above. Both effects can be the cause of the Pi 2 
magnetic pulsation in the inner magnetosphere. 

Bauer et al. [1995b] suggested neutral sheet oscilla- 
tions during high-speed flows on the basis of AMPTE/ 
IRM observations. The event shown in the present pa- 
per was also analyzed by them. They show that the 
correlation between the changes of the vertical velocity 
of the neutral sheet and thermal and magnetic pressure 
fluctuations is not good in the case of this event. This 
suggests that the flow fluctuations presented here are 
not spatial effects caused by neutral sheet oscillations. 

The first Pi 2 at 0237 UT is not accompanied by any 
high-speed flow at AMPTE/IRM and congressional 
pulse at AMPTE/CCE. At the onset of the first Pi 
2, magnetic field intensity at AMPTE/IRM stops to in- 
crease (Figure 13). This fact suggests that the pileup 
of lobe magnetic flux during substorm growth phase is 
stopped at this time. 

The hodogram shown in Figure 9 indicates that the 
center of the Pi 2 current system for the first Pi 2 
is likely to be westward from that of the second to 
fourth Pi 2. The first Pi 2 onset is probably caused by 
some processes that occur duskward of AMPTE/IRM 
(0.8MLT). That is why the compressional pulse is not 
observed at AMPTE/CCE (2.1MLT) only for the first 
Pi 2. Magnetic field oscillations are started at the same 
time as and at ~1 min after the first Pi 2 onset at 
ISEE 1 (Figure 12) and at AMPTE/CCE (Figure 10), 
respectively. These osculations are probably caused by 
the same processes. It is difficult to discuss further the 
cause of the first Pi 2 onset using our limited data. 

8. Conclusions 

We have analyzed magnetic field and particle data ob- 
tained during an isolated substorm event on March 1, 
1985, from many ground stations and satellites. The on- 
set of the substorm current wedge in the midnight sec- 
tor can be identified from the dense network of ground- 
based stations. AMPTE/IRM observed a clear onset 
of high-speed ion flow in the midnight sector at 12 RE- 
The onset of the flow is observed 3 min before the onset 
of the global current wedge formation and 6 min be- 
fore the onset of high-energy particle injection. On the 
basis of these observations we propose a model of the 
formation of current wedge during the initial stage of 
the substorm expansion phase (Figure 15). The wedge 
current is generated by processes at the braking point of 
the earthward high-speed flow. Hence this model sep- 
arates the source region of the wedge current from the 
near-Earth neutral line. The problems which the near- 

Earth neutral line model had faced [e.g., McPherron, 
1995] can be solved by this model. 

It is noted, however, that the application of this 
model should be limited only to the initial stage of the 
substorm expansion phase since the duration of high- 
speed flow is only a few minutes. Some additional pro- 
cess that causes the substorm current system probably 
comes into play during most of the expansion phase. 

The proposed model also suggests that the compres- 
sional pulses and the fluctuations of field-aligned cur- 
rents generated at the braking point of the flow are 
the initial cause of the Pi 2 magnetic pulsation in the 
inner magnetosphere. The good correspondence among 
three flow bursts at AMPTE/IRM, three compressional 
pulses at AMPTE/CCE, and three Pi 2 wave packets at 
ground stations during the substorm expansion phase 
supports this idea. Our observation also suggests the 
occurrence of a Pi 2 pulsation associated with a pseudo 
breakup that occurs at the late growth phase of the 
substorm. The source of the pseudo breakup Pi 2 is 
located in the different local time sector compared to 
that of the following global substorm onset. 
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